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We describe here for the first time the development of mechanosensory organs in a chelicerate, the spider Cupiennius salei. It has been shown
previously that the number of external sense organs increases with each moult. While stage 1 larvae do not have any external sensory structures,
stage 2 larvae show a stereotyped pattern of touch sensitive ‘tactile hairs’ on their legs. We show that these mechanosensory organs develop during
embryogenesis. In contrast to insects, groups of sensory precursors are recruited from the leg epithelium, rather than single sensory organ
progenitors. The groups increase by proliferation, and neural cells delaminate from the cluster, which migrate away to occupy a position proximal to
the accessory cells of the sense organ. In addition, we describe the development of putative internal sense organs, which do not differentiate until
larval stage 2. We show by RNA interference that, similar to Drosophila, proneural genes are responsible for the formation and subtype identity of
sensory organs. Furthermore, we demonstrate an additional function for proneural genes in the coordinated invagination and migration of neural
cells during sensory organ formation in the spider.
© 2007 Elsevier Inc. All rights reserved.Keywords: Peripheral neurogenesis; Mechanosensory organs; Internal joint receptors; Prospero; Proneural genesIntroduction
The body surface of spiders is covered with numerous cuti-
cular sensilla. These include many thousands of touch-sensitive
hairs, hundreds of mechanosensitive slit sense organs, and
contact chemoreceptive hairs (reviewed by Barth, 2002, 2004).
The structure and function of these sensory organs has mainly
been studied in arachnid legs (Barth and Libera, 1970; Foelix,
1985; Seyfarth et al., 1985). All cuticular sensilla consist of
bipolar neurons and several accessory (enveloping) cells.
The touch-sensitive ‘tactile hair’ is the most common sense
organ of the spider. Externally, this sense organ consists of a
hollow cuticular shaft which is connected to a socket by an
articulated membrane. With few exceptions, tactile hairs are
innervated by three mechanosensory (ms) neurons in spiders
(Eckweiler et al., 1989; Foelix, 1985). These bipolar neurons
form axons proximal to their peripheral cell somata, which⁎ Corresponding author.
E-mail address: a.stollewerk@qmul.ac.uk (A. Stollewerk).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.11.003fasciculate with axons from other sensilla and join the sensory
leg nerves (Seyfarth et al., 1985). Unbranched dendrites are
formed at the distal end of the ms somata and extend to the hair
base. The dendrites of the ms neurons are surrounded by several
enveloping (accessory) cells (Harris, 1977). It has been sug-
gested that these cells correspond to the hair, socket and sheath
cell of insect sensilla (Foelix, 1985; Harris, 1977). The inner-
most cell surrounds the dendrites, while the following cell is
probably responsible for the formation of the hair shaft. The
next cell forms the receptor lymph cavity underneath the hair
base. This cell might generate the socket of the sensory hair. A
fourth cell, which does not have an apparent counterpart in
insect sensory organs, envelops the other three accessory cells at
the hair base. These data indicate that the overall structure of
touch sensitive sensilla is similar in arthropods. However, most
of the arachnid mechanoreceptive sense organs are multiply
innervated, while in insects and crustaceans – with the except-
ion of a few cases – these organs are innervated by a single ms
neuron (Foelix, 1985; McIver, 1975; Mellon, 1963; Shelton and
Laverack, 1968).
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of arthropods have only been studied in insects. Most of our
knowledge comes from analyses in Drosophila melanogaster.
In many sensilla, all cells derive from a single sensory organ
progenitor cell (SOP) (reviewed by Hartenstein, 2005; Lai and
Orgogozo, 2004). The first step in SO development is the
expression of the proneural genes, which confer the competence
to adopt the sensory progenitor fate on a group of cells, the so-
called proneural cluster. Three of the Drosophila proneural
genes are arranged in the Achaete–Scute gene complex (AS-C)
and are responsible for the development of the mechanosensory
organs. Other proneural genes, like atonal and amos, are
essential for the formation of chemosensory and chordotonal
organs, among others (Huang et al., 2000; Powell et al., 2004).
The number of SOPs that arise from a proneural domain is
restricted by the activity of the Notch signalling pathway, which
leads to a down-regulation of proneural genes in those cells that
are not selected for the sensory fate. The individual cells of a
mechanosensory organ are generated by three consecutive
divisions of the SOP. The hair, socket and sheath cells form an
integral part of the epidermis, while the neuron(s) and glia
translocate to subepidermal positions.
So far, peripheral neurogenesis has not been described in
arthropods other than insects. Here we describe the embryonic
development of sensory organs on the leg of a chelicerate, the
spider Cupiennius salei, and analyse the function of the two
spider achaete–scute homologues in this process.Materials and methods
C. salei stock
Fertilised female spiders of the Central American wandering spider C. salei
Keyserling (Chelicerata, Arachnida, Araneae, Ctenidae) were obtained from a
laboratory colony. Embryos were collected as described before (Stollewerk
et al., 2001). To study larval behaviour, we opened the egg sac at the end of
embryogenesis and kept it in a Petri dish until larval stage 3.
In situ hybridisation and staining
In situ hybridisations, phalloidin-FITC stainings and antibody stainings were
performed on whole mounts as described before (Stollewerk et al., 2001). For
confocal laser scanning and light microscopic analysis, we used preparations of
single legs at different stages. The developmental stages of C. salei have been
described previously (Seitz, 1966; Stollewerk et al., 2001). The cellular com-
position and position of the developing sensory organs were analysed by
scanning legs from apical to basal at 1-μm steps. The different channels were
merged in Adobe Photoshop, and the sensory precursor cells were counted by
labelling them in each layer.
Functional analysis
Double-stranded (ds) RNA interference was performed as described before
(Stollewerk et al., 2001). The sequences of CsASH1, CsASH2 and Cs hairy are
available in the EMBL/GenBank/DDBJ databases (Accession numbers: AJ309
490, AJ309491, AJ252154). We generated a Cs hairy clone by standard PCR
cloning from C. salei embryonic cDNA using gene specific primers.
In order to analyse the sensory precursor groups in ds CsASH1- and
CsASH2-injected embryos, we performed 2 to 3 high resolution scans per leg
side (anterior, posterior, dorsal, ventral). Each scan covered a defined apico-
basal level (1 to 30 μm) with a step size of 1 μm, which facilitated acomparison of corresponding sensory organs in control-injected embryos and
ds RNA-injected embryos (see Fig. 7). Each z-stack contained 60 images, 30
for each channel (green: phalloidin; red: Prospero). In order to classify the
phenotypes of the sensory precursor groups, we first analysed each channel
separately, then merged the channels in Photoshop and counted the accessory
and neural cells. We scanned 6 legs each per injected embryo and thus
analysed 600 images per leg, 3600 images per embryo and a total of 108000
images in the 30 ds RNA-injected embryos analysed. In addition, we scanned
20 embryos injected with H2O as a control and 30 embryos injected with ds
GFP RNA. The control injections did not cause specific phenotypes, while the
observed RNAi phenotypes consistently fell into the three classes listed in
Table 3.
Results
When do the first external sensory organs arise?
C. salei embryos hatch from the egg shells 13 to 15 days
after egg laying (Melchers, 1963). The cuticle of the first larval
stage has no apparent external sensory structures (Fig. 1A).
Various terms have been used in the literature for the last
embryonic and first larval stages in spiders (e.g., prelarva,
nymph, incomplete stage; Foelix, 1996). One reason is that
many spiders emerge from the egg shells and moult at the same
time, so that actually a stage 2 larva hatches. We found that this
applies to about 50% of the embryos/larvae of a C. salei
cocoon (Fig. 1B). Stage 1 larvae are motionless and do not
react to mechanical stimuli. After the first moult, which may
occur up to 1 day after hatching, the first hairs are visible on the
cuticle of stage 2 larvae. Stage 2 larvae cannot walk and usually
lie on their backs. However, if they are touched with a brush on
the ventral side of a leg or the prosoma, they react with
grasping movements. After 11 to 14 days, the second moult
occurs. The number of external sense organs increases and all
types of sensory hairs are present that are also visible in the
adult (Fig. S1C). Stage 3 larvae can walk and are very agile. At
this stage the larvae leave the cocoon (Höger and Seyfarth,
1995).
The fact that hatching from the egg shells and moulting can
occur at the same time suggests that at least the anlagen of the
SOs must be present in stage 1 larvae. It has been shown in
insects that the elongation of sensory hairs depends on the
formation of actin bundles and hence actin filaments accumu-
late in elongating and mature hairs (Fristrom and Fristrom,
1993; Guild et al., 2003, 2005). Figs. 1D and F show the
stereotyped arrangement of tactile hairs on the ventral prosoma
and the dorsal femur, respectively, of stage 2 larvae in the light
microscope. Confocal micrographs of the same areas of stage 1
larvae stained with phalloidin-FITC, a dye which binds to actin,
reveal that tactile hairs are already present underneath the
cuticle (Figs. 1E, G). They show the same stereotyped pattern
and can be identified individually (Figs. 1D–G, asterisks). Actin
accumulates in the hair shafts and at the base of the hairs. The
spot-like staining at the hair base (Figs. 1E, G, asterisks) most
likely corresponds to the receptor lymph cavity, which is filled
with numerous actin-rich microvilli. Despite a large variety in
size and shape, tactile hairs can be identified based on their
external morphology. They are long and emerge from the socket
at an angle ranging from 30° to 40° (Fig. 1H). By contrast,
Fig. 1. (A–I) External sensory structures in C. salei larvae. Light micrographs
and confocal micrographs (E, G). (A) The cuticle of the first larval stage is devoid
of external sensory structures and eye pigmentation low (arrowhead). (B, C) C.
salei larvae can hatch from the egg shells and moult at the same time.
Arrowheads: strong pigmentation in the eyes. Arrow: tactile hairs. (D) Ventral
view of the prosoma of stage 2 larva, anterior is to the left. The framed area
corresponds to the area shown at higher magnification in panel D. Asterisks:
tactile hairs. (E) Phalloidin-FITC-stained stage 1 larvae. Asterisks: sensory hairs
(compare to framed area in panel D). Arrow: hair shaft. (F) Tactile hairs on the
dorsal femur of a stage 2 larva, proximal is to the right. Asterisks: hair sockets.
(G) Same area as shown in panel F in stage 1 larva stained with phalloidin-FITC.
Asterisks: hair bases, arrow: hair shaft. Large patches of strong staining
correspond to leg muscles. (H) Morphology of tactile hair on the leg, proximal is
to the right. Asterisk: socket, arrow: rows of spines, arrowhead: long distal spine.
(I, J) Small cuticular structures, which arise at a steeper angle than the tactile
hairs. Some have conical shapes (arrow in panel J) while others are pointed
(arrowhead in I). ml, ventral midline. Scale bars: (A) 600 μm in panels A–D, (E)
50 μm, (F) 150 μm, (G) 125 μm, (H) 50 μm, (J) 50 μm in panels I, J.
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angle ranging from 55° to 60° (Harris and Mill, 1977). Both hair
shafts are serrated, but the tactile hairs end with a fine taper (Fig.
1H), while the chemosensory hairs end bluntly and have a
terminal opening (Harris and Mill, 1977). We found that tactile
hairs are the only external sensory receptors on the legs of stage
2 larvae (Fig. 1H), besides lyriform slit sense organs and a few
tiny hairs, which could not be classified at this stage (Figs. 1I, J;
Höger and Seyfarth, 1995). On average, we counted 114 tactile
hairs per leg (n=6; data not shown).To summarise, the data suggest that the mechanosensory
organs of larval stage 2 are formed during embryogenesis
and are already present underneath the cuticle of stage 1
larvae.
Mapping and analysis of the embryonic sensory organ
precursors in the legs
In order to analyse the formation of SOs in the spider, we
stained embryos with phalloidin-FITC and examined the
morphology of the epithelium of the developing legs. Similar
to the formation of groups of neural precursors in the central
nervous system (CNS) of the spider, groups of sensory pre-
cursors are generated in the leg epithelium (Fig. 2). The strong
staining of phalloidin-FITC is due to the accumulation of actin
in the constricted cell processes of the sensory precursors,
which abut each other (Figs. 2A, B, arrowheads). The first
groups appear at the tip of the developing leg and in the most
proximal segment, the coxa, at mid-embryogenesis (about 180 h
of development; Fig. S2A). At this stage, the proximal and
distal demarcations of the coxa are clearly visible, while the
distal part of the leg is not yet segmented. (Fig. S2 shows the
growth and segmentation of the spider legs between 180 and
250 h.) Depending on their size, the sensory precursor groups
(SPG) can be assigned to two groups at this stage: (1) small
groups, consisting of 6 to 9 cells and (2) large groups of 15 to
30 cells (Figs. 2A–C). During the course of development,
additional groups appear proximally and distally to the existing
groups (Fig. S2). Due to the absence of morphologically
visible segment boundaries and considerable growth, we were
not able to trace the development of individual precursor
groups between 180 and 220 h of embryonic development
(Fig. S2A–C). We mapped the position of all SPGs that are
generated between 250 and 360 h (=end of embryogenesis)
when all leg segments are morphologically visible by scanning
the dorsal, ventral, anterior and posterior sides of the legs of
embryos stained with phalloidin-FITC in the confocal laser-
scanning microscope (Figs. 2D–E and 3, see also Table 1 and
Fig. S2D). Although there is growth along the proximo-distal
axis between 320 and 360 h of development, the overall leg
length does not change significantly, because the cuticle
restricts extension (Figs. 2F, G). We only mapped precursor
groups that were unambiguously identifiable due to their
relative positions in at least 3 distinct embryonic stages (Figs.
2D–G) or in 2 distinct embryonic stages and the first larval
stage. We identified 106 SPGs per leg in total (Table 1), of
which 15 were classified as ‘large’ SPGs (see below). The
small SPGs give rise to tactile hairs of stage 2 larvae. One
reason for the difference between the number of embryonic
mechanosensory precursor groups (91) and the number of
tactile hairs in stage 2 larvae (114) is that we only mapped
SPGs, which were clearly identifiable at several stages due to
their position (see above). In addition, the position of some
small sensory precursor groups indicates that they might give
rise to slit sensilla (e.g. Fig. 3Q).
We were not able to trace all individual SPGs from the end of
embryogenesis up to the differentiated SOs of stage 2 larvae
Fig. 2. (A–G) Pattern of small and large SPGs in the spider leg. Confocal
micrographs of legs stained with phalloidin-FITC. Apical is towards the top in
panels A, B; proximal is towards the right in panel C to G. (A) Large SPG (B)
small SPG. Arrowheads in panels A and B: constricted cell processes. (C) Pattern
of small (arrowheads) and large SPGs (arrow) on the apical side of the coxa at
360 h. (D–G) Pattern of SPGs on the dorsal side of spider legs. The 7 leg
segments are labelled in panel F. Asterisks: some SPGs. cx, coxa; tr, trochanter;
fe, femur; pt, patella; tb, tibia; mt, metatarsus; ta, tarsus. Scale bars: (A) 20 μm,
(B) 12 μm, (C) 100 μm, (D) 100 μm in panels D–G.
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moult (Figs. 3A, B). However, the size of the coxa does not
change considerably, except for the ventral part (compare Figs.
3A and B), so that we could correlate individual embryonic
SPGs with coxal mechanosensory hairs at larval stage 2. Figs.
3C–Z summarise the mapping of the SO precursor groups of
the coxa.Small sensory precursor groups
At 250 h of development, 83% (76 of 91 per leg) of the small
SPGs are present on the legs of the spider. The remaining
groups are generated until 350 h of development (Fig. S3). We
analysed legs of 4 different stages (250 h, 280 h, 320 h and
360 h). Since the sensory precursor groups do not develop
synchronously, the analysis covered all stages of sensory organ
development. When the small precursor groups are first visible
in the epithelium due to the accumulation of actin at the site
where the cells abut each other, they consist of 6 to 9 cells (Fig.
4A). The group size increases to 12 cells on average until the
end of embryogenesis (Figs. 4I, L). By analysing the proli-
feration pattern with the mitotic marker anti-phospho-histone 3,
we found that each small precursor group contains one mitotic
cell at all stages analysed (Fig. 4A, arrowhead). These data
suggest that the increase in cell number is most likely due to cell
divisions within the group.
To analyse the differentiation of the SPGs, we stained em-
bryos with an antibody against C. salei Prospero. In Droso-
phila, Prospero is exclusively expressed in the neural lineage of
the developing SO. The protein is transiently expressed in the
sensory neurons and the glia, which delaminate from the epi-
thelium to occupy a basal position, and it accumulates in the
nuclei of the sheath cells that remain in the epithelium.
Due to the number of Prospero-expressing cells, we sub-
divided the small precursor groups into two categories. In
groups of category 1, Prospero is expressed de novo in 1 to 3
cells within 30 h of formation of the group (Figs. 4B, C). The
cells delaminate individually during the following day but stay
together as a basal cluster. One of the Prospero-expressing
cells divides, once in the basal position, and the protein is
equally distributed to both daughter cells (Figs. 4D, E). During
the following day, the Prospero-positive cells are shifted
proximally by about 3 to 4 cell diameters relative to the
position of the precursor group they have delaminated from
(Figs. 4F, I). Three of the Prospero-positive cells form
dendrites, which fasciculate and extend towards the precursor
group (Figs. 4F, I). During this time the fourth Prospero-
expressing cell can no longer be detected, suggesting that
either Prospero expression has been down-regulated or the cell
has moved away. Precursor groups of category 2 produce 2
Prospero-expressing cells, which delaminate and shift to a
proximal position in a time sequence similar to category 1
groups (Figs. 4G, H). In contrast to category 1 groups,
however, the Prospero-positive cells do not divide. One of the
Prospero-positive cells extends a dendrite distally towards the
precursor group it has delaminated from, while the second
Prospero-expressing cell can no longer be detected at the time
(Fig. 4H). 58% of the small precursor groups belong to
category 1, 42% to category 2 (Table 2; Fig. S3). Prospero-
positive cells of both categories form dendrites on the distal
side and axons on the proximal side of the somata, which
extend proximally to join one of the large leg nerves (Figs. 4J,
K). On their way towards the leg nerves, sensory axons from
neighbouring precursor groups fasciculate with each other
(Fig. 4K). The axon bundles were identified by the
characteristic fibrous actin staining (Fig. 4K, arrowheads).
Fig. 3. (A–Z) Correlation of the position of SPGs with the position of tactile hairs in stage 2 larvae. Confocal micrographs of legs of embryos and stage 1 and 2 larvae
stained with phalloidin-FITC (A, C–G, I–M, O–S, U–Y) and light micrographs of the same areas (B, H, N, T, Z); dorsal is towards the top in panels A and B, anterior
is towards the top in panels C to Z, proximal is towards the right. (A, B) Same magnification of a spider leg at stage 1 and stage 2, respectively, posterior view.
Arrowheads in panels A and B: proximal and distal borders of the coxa, respectively. Black dots in panel B: hair sockets on the posterior side of the leg. The legs are
translucent, so that some of the hairs from the opposite side of the leg show through. (C–H) SPGs on the dorsal side of the coxa. 4 of the 5 SPGs of the dorsal coxa are
visible at 250 h, 3 large groups (d2 to d4) and 1 small group (d1). The small precursor group d5 can first be detected at the end of embryogenesis (360 h). Panel F shows
a tactile hair located at a comparable position on the dorsal coxa of stage 1 larva. Arrow: hair shaft. The basal optical section in panel G reveals that the large SPGs d2
and d3 have invaginated. The single tactile hair (black circle) of the dorsal coxa of a stage 2 larva is shown in panel H. (I–N) Pattern of SPGs on the ventral side of the
coxa. 6 of the 7 SPGs of the ventral coxa are visible at 250 h, of which 2 are large SPGs (v2, v3). The small SPG v7 is present at 320 h of development. v4 to v7 give
rise to tactile hairs, which are visible in stage 1 larva shown in panel L. These SPGs are shifted to a more posterior position at the end of embryogenesis, which is
probably due to circumferential growth. We labelled v4 to v7 with asterisks in panels M and N, since it is not clear which tactile hair of stage 1 can be allocated to SPG
v4, v5, v6, and v7, respectively. A short cuticular structure is visible at the position of SPG v1 in the stage 1 larva in panel L, which does not have a counterpart in stage
2. An additional tactile hair, v8, is visible on the apical optical section in panel L, which could not be traced back to an embryonic SPG. The basal optical section in
panel M reveals that the large SPGs v2 and v3 have invaginated. Due to the proximo-distal expansion of the ventral part of the coxa during the first moult, the tactile
hairs v5 to v7 become further rearranged into a row as shown in panel N. (O–T) SPGs on the posterior side of the coxa. 5 of the 6 SPGs are present at 250 h, 3 of which
are large SPGs. At 360 h, an additional the small SPG is visible between p1 and p2. p6 gives rise to an external sensory structure, as seen in stage 1 (R) and stage 2 (T).
However, the structure is not fully developed at stage 2. p1 to p3 invaginate (S). (U–Z) SPGs on the anterior side of the coxa. All four SPGs are present at 250 h of
development, 2 of which are large SPGs. None of these groups contributes to external sensory structures in stage 2 larvae. a2 and a3 invaginate. d1–d5, cxd1–cxd5;
v1–v8, cxv1–cxv8; p1–p6, cxp1–cxp6; a1–a4, cxa1–cxa4. For nomenclature of SPGs, see Fig. S3. cx, coxa; tr, trochanter; fe, femur; pt, patella; tb, tibia; mt,
metatarsus; ta, tarsus. Scale bars: (A) 250 μm in panels A, B; (C) 80 μm in panels C, D, I, J, O, P, U, V; (E) 200 μm in panels E, K, Q, W; (F) 200 μm in panels F, G, L,
M, R, S, X, Y; (H) 120 μm in panels H, N, T, Z.
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Table 1
Dorsal Ventral Anterior Posterior
250 280 320 360 250 280 320 360 250 280 320 360 250 280 320 360
Coxa 4 4 4 5 6 7 7 7 4 4 4 4 5 5 6 6
Trochanter 1 2 2 2 2 3 4 4 2 2 2 2 3 3 3 3
Femur 2 2 2 2 1 1 1 1 5 5 5 5 3 3 3 3
Patella 1 1 1 1 1 1 2 2 – 1 1 1 3 3 3 3
Tibia 4 4 4 4 2 2 2 2 – – 1 3 2 3 3 3
Metatarsus 4 4 4 4 1 1 1 4 1 3 4 4 2 2 4 4
Tarsus 5 5 5 5 7 7 7 8 6 6 6 6 6 8 8 8
Total 21 22 22 23 20 22 25 28 18 21 23 25 24 27 30 30
Number and distribution of the mapped large and small sensory precursor groups on the individual segments of the dorsal, ventral, anterior and posterior side of the
spider leg, respectively. We identified 106 sensory precursor groups per leg in total, of which 15 were classified with the ‘large’ sensory precursor groups (see Table 2).
The table shows the number and distribution of all precursor groups at 4 embryonic stages (250 to 360 h).
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accessory cells of a SO are arranged concentrically around the
external cuticular structure, the number of cells in the
hypodermis surrounding the hair shaft equals the number of
accessory cells. We counted the number of accessory cells of
tactile hairs in stage 1 larva and found that on average 12 cells
are associated with the hair shaft (Fig. 4L). This corresponds to
the final number of cells within the small SPGs.
Our data suggest that the Prospero-positive cells represent
the neural cells of the mechanosensory organs. We assume thatFig. 4. (A–L) Development of the small SPGs. Confocal micrographs of legs staine
(blue; B–K), single phalloidin–rhodamine staining in panel L (red). (A) Asterisks: ce
cell. (B) The group size increases to 12 cells on average until the end of embryogenesi
Prospero expression apically. Arrow: strong Prospero expression basally. (C) Prospe
Prospero-positive cell (arrow). Arrowheads: remaining 2 Prospero expressing cells
positive cells of category 1 group cxv1 (arrow). (F) 3 Prospero-positive cells with den
1 Prospero expressing cell with dendrite (arrow). (I) Prospero-positive cells are shif
distally towards the apical SPG (asterisks). (J, K) Apical (J) and basal (K) optical sec
Prospero-positive cells, arrowheads in panel K point to the axon fascicles of the same
visible due to the bright staining in the receptor lymph cavity (small arrow head). La
patella; tb, tibia; mt, metatarsus; ta, tarsus. For nomenclature of SPGs see Fig. S3. Scategory 1 groups correspond to triply innervated mechan-
osensory hairs consisting of 12 accessory cells, 3 ms neurons
and a glial cell, while category 2 groups correspond to single-
innervated mechanosensory organs with 12 accessory cells,
1 ms neuron and 1 glia (Table 2; Fig. S3).
Large sensory precursor groups
All 15 large SPGs are already present at 220 h of deve-
lopment (Fig. S2C and S3). They are exclusively located on
the three proximal leg segments with the highest number ond with phalloidin-FITC (green), anti-Prospero (red) and anti-phospho-histone 3
lls of the SPG. Not all cells are visible on this optical section. Arrowhead: mitotic
s (asterisks; 275 SPGs analysed at 5 different embryonic stages). Arrowhead: low
ro expression in 3 cells of category 1 group cxv1 (arrowhead). (D) Division of
of SPG. The 2 mitotic cells (blue) do not belong to the cluster. (E) 4 Prospero-
drites (arrow). (G, H) 2 Prospero-positive cells of category 2 SPGs (arrowheads).
ted proximally; proximal is towards the top. The dendrites (arrowheads) extend
tion of the same area in the tibia. Arrowhead in panel J points to the dendrides of
cells; ln, leg nerve. (L) Asterisks: accessory cells of tactile hairs. Not all cells are
rge arrowhead: hair shaft, arrow: dendrites. cx, coxa; tr, trochanter; fe, femur; pt,
cale bars: (A) 20 μm in panels A, C–K, 10 μm in panel B, (L) 10 μm.
Table 2
Dorsal Ventral Anterior Posterior
1× 3× LG Total 1× 3× LG Total 1× 3× LG Total 1× 3× LG Total
Coxa 2 – 3 5 2 4 2 8 – 2 2 4 1 2 3 6
Trochanter – 2 – 2 2 2 – 4 1 – 1 2 – 3 – 3
Femur – 2 – 2 – – 1 1 1 3 1 5 – 1 2 3
Patella 1 – – 1 2 – – 2 – 1 – 1 – 3 – 3
Tibia 3 1 – 4 1 1 – 2 – 3 – 3 1 2 – 3
Metatarsus 1 3 – 4 2 2 – 4 2 2 – 4 1 3 – 4
Tarsus nd nd – 5 nd nd – 8 nd nd – 6 nd nd – 8
Total 7 8 3 23 9 9 3 29 4 11 4 25 3 14 5 30
Number and distribution of the mapped large (LG) and small sensory precursor groups of category I (3×) and II (1×) on the individual segments of the dorsal, ventral,
anterior and posterior side of the spider leg, respectively. We could classify a total of 77 sensory precursor groups with large groups, single-innervated and triple-
innervated sense organs, respectively. Note that we did not include the small precursor groups d5 and p6, since these groups arise at the end of embryogenesis and we
could therefore not determine the number of Prospero positive cells at different embryonic stages. Furthermore, we could not determine (nd) the number of Prospero
positive cells in the small precursor groups of the tarsus because all Prospero expressing cells of the tarsal sensory groups cluster together after delamination and could
therefore not be allocated to individual groups.
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however, the group size increases to 60 to 80 cells until the end
of embryogenesis. In order to examine if the increase in the
number of cells is due to cell proliferation within the groups, or
rather a continuous recruitment of epithelial cells, we stainedFig. 5. (A–J) Development of large SPGs. Confocal micrographs of legs stained with
(A–H) and single phalloidin-FITC staining of a stage 1 larva (I). Apical is towards the
(A–C) Large SPGs on the dorsal coxa. Arrows: mitotic cells. (D) Arrowhead: Prospe
SPG has changed at 350 h (arrow in panel E). Arrowhead in panel E: delaminated Pro
H) Arrows: cluster of Prospero-positive cells. (I) Arrow: invaginated SPG. cx, coxa; t
(A) 30 μm in panels A–I.embryos with the mitotic marker anti-phospho-histone 3 and
phalloidin-FITC. We found that 1 to 5 mitotic cells are asso-
ciated with each large precursor group throughout embryogen-
esis. The proliferating cells are always located apically
surrounding the constricted cell processes of the sensoryphalloidin-FITC (green), anti-Prospero (red) and anti-phospho-histone 3 (blue)
top in panels A and D to F. Panels B, C and G to I are horizontal optical sections.
ro protein in basal cells of SPG. Arrowhead: mitotic cell. (E, F) The shape of the
spero expressing cell. Arrowhead in panel F: dividing Prospero-positive cell. (G,
r, trochanter; fe, femur; pt, patella; tb, tibia; mt, metatarsus; ta, tarsus. Scale bars:
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size increases by cell proliferation within the group, but we
cannot exclude that epithelial cells are recruited in addition.
The spider Prospero antigen is first expressed shortly after
formation of the large SPGs at 220 h of development. The
protein accumulates in basal cells of the SPGs (Fig. 5D, arrow).
At 350 h of development, the number of Prospero-positive cells
has increased from 1 to 11 to about 15 per group (Figs. 5E, F).
During this time, the shape of the precursor groups changes. The
basal part of the groups elongates and extends towards the centre
of the leg (Figs. 5E, F). Individual Prospero-expressing cells
delaminate from the cluster and occupy a central position (Fig.
5E, arrowhead). Some of these cells divide prior to delamination.
During division, Prospero is equally distributed to both daughter
cells (Fig. 5F, arrowhead). Based on the basal position of these
cells and the fact that they delaminate, we assume that the
Prospero-expressing cells are neural cells. We could not
determine the number of neural cells produced per group due
to delamination of these cells from the cluster. They intermingleFig. 6. (A–G) Expression pattern of CsASH1, CsASH2 and Cs hairy in the spider leg.
CsASH2 and Cs hairy, respectively (B–K), and phalloidin-FITC (A); A to C dorsal
proximal is to the right. Arrowheads, SPGs. (A) SPGs on the dorsal side of the leg at 2
whole leg epithelium and shows a stronger expression in groups of cells, compare to A
E) Accumulation of both achaete–scute homologues in groups of cells (F, G). From
where sensory precursors will form (asterisks). (J, K) The achaete–scute homologue
(asterisks). Scale bars: (A) 80 μm in panels A, H–K, 50 μm in panels B, C, 125 μmwith Prospero-positive cells from neighbouring groups (Fig. 5G)
and finally form a tight cluster inside the leg (Fig. 5H). The
precursor groups invaginate from the leg epithelium at the end of
embryogenesis (Fig. 5I). However, the cells within the groups
remain epithelial throughout embryogenesis and larval stage 1
(Fig. 5I). These data suggest that the large SPGs do not
contribute to the sensory system of stage 1 larvae.
Expression and function of the spider achaete–scute
homologues in peripheral neurogenesis
In Drosophila, the first step in SO development is the ex-
pression of the proneural genes, which confer the competence to
adopt the sensory precursor fate on a group of cells, the so-called
proneural cluster. Recently, two achaete–scute homologues
have been identified in C. salei, both of which are expressed in
the developing central and peripheral nervous system (Stolle-
werk et al., 2001). CsASH1 is expressed like a proneural gene in
the ventral neuroectoderm and is responsible for the formation ofIn situ hybridisations of embryos stained with a DIG-labelled probe for CsASH1,
side, anterior is towards the top. D to G anterior side, dorsal is towards the top;
50 h. Arrowheads: SPGs. (B) At 220 h, CsASH1 is expressed at low levels in the
. (C) At 220 h, CsASH2 is expressed in patches of high and low expression. (D,
300 h on the expression decreases. (H, I) Cs hairy is expressed in the regions






CsASH1 ds RNA 89 (50%) 26 (14%) 64 (36%) 179
CsASH2 ds RNA 182 (44%) 30 (7%) 201 (49%) 413
Total 271 (46%) 56 (9%) 265 (45%) 592
Summary of phenotypes after injection of ds RNA of CsASH1 and CsASH2. We
analysed 592 sensory precursor groups in 30 different embryos. 79 of the 592
SOs analysed were large sensory clusters. 25% (20) were missing in total. All
affected embryos showed three different sensory precursor phenotypes: sensory
precursor groups were missing, neural precursors were misplaced and SOs were
unaffected. Control injections (H2O and ds GFP RNA) did not cause specific
phenotypes.
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to groups of neural precursor cells, rather than to single cells as in
crustaceans and insects. In the developing central nervous
system, CsASH2 is expressed later than CsASH1 and transcripts
exclusively accumulate in the neural precursor groups. We
analysed the expression pattern of CsASH1 and CsASH2 in the
spider legs and found that both genes are expressed before
groups of sensory precursors can be detected with phalloidin-
FITC staining. At about 160 to 170 h of development, both genes
are expressed in groups of cells in a partially overlapping pattern
(see CsASH1 expression Fig. 6J). However, we could not
correlate the cell groups to the mapped SPGs due to the absence
of leg segment boundaries at this stage. The expression of both
genes extends over the whole leg epithelium during the next
2 days. While CsASH1 is expressed at low levels in the whole
leg epithelium and shows a stronger expression in groups of
cells, CsASH2 is expressed in patches of high and low
expression (Figs. 6B–G). At 220 h, the strong expression of
both genes in groups of cells could be correlated with the
position of the mapped SPGs. Fig. 6A shows the pattern of SPGs
on the dorsal side of the leg at 250 h (compare to Fig. S3). Both
genes are expressed before and during formation of these
precursor groups in a partially overlapping pattern at 220 h (Figs.
6B, C). The expression of both genes is strongest between 220
and 250 h, which corresponds to the time of formation of most of
the SPGs. From 300 h on the expression decreases but is still
visible at low levels in some of the precursor groups that have
already formed, and transcripts of both genes accumulate in
groups of cells in the areas where precursor groups will form
during later stages of embryogenesis (e.g. mta2; Fig. 6G). In
some precursor groups, CsASH1 is up-regulated later than
CsASH2 (e.g. taa2, taa4; Figs. 6E, F). Although we could not
determine the exact number of CsASH1- and CsASH2-expres-
sing cells, respectively, due to the highly dynamic expression,
the size of the groups with strong expression suggests that all
cells are recruited for the SO precursor fate.
Our data demonstrate that both spider achaete–scute homo-
logues show a proneural mode of expression in the developing
peripheral nervous system: they are expressed prior to
formation of SPGs in the corresponding areas. However, in
contrast to the peripheral nervous system of Drosophila, neither
CsASH1 nor CsASH2 are expressed in well-defined proneural
clusters. Rather, both genes are expressed at low levels in all
areas of the leg epithelium during the course of development
and seem to be up-regulated in epithelial cells that are com-
mitted to the sensory precursor fate.
This raises the question of how the expression of the spider
achaete–scute homologues is regulated. In the Drosophila mid-
prepupal leg achaete is expressed in longitudinal stripes that
confine the regions where the small mechanosensory hairs
(microchaetes) arise, which are arranged in longitudinal rows in
the adult fly. The transcriptional repressor Hairy is expressed
between the achaete stripes. In the absence of hairy function,
achaete expression expands into the regions normally occupied
by hairy (Orenic et al., 1993). A spider hairy homologue has
been identified recently and its expression pattern suggests a
function in segmentation (Damen et al., 2000). We analysed theexpression pattern of Cs hairy in the legs and found that the
gene is expressed shortly before transcripts of the achaete–
scute homologues can be detected (Figs. 6H–K). The hairy
expression pattern correlates with the areas where the achaete–
scute homologues are expressed; however, the expression
domains seem to cover a larger area (Figs. 6H–K, asterisks).
Unfortunately, functional analysis with RNA interference did
not result in specific phenotypes. Either double-stranded (ds)
hairy RNA injections before germ band formation led to a
developmental arrest or the level of transcripts was not signi-
ficantly reduced. Similarly, later injections of ds hairy RNA
into the limb buds either affected limb outgrowth or did not
influence hairy transcripts. Consequently, we could not de-
monstrate an involvement of Hairy in setting up the positions of
the SPGs, although the expression pattern and time of expres-
sion suggests a function in this process.
The function of CsASH1 and CsASH2 in sensory organ
development
In Drosophila, the function of the proneural genes is neces-
sary and sufficient for sensory precursor formation. In the ab-
sence of proneural genes SOs do not form. We analysed the
function of the spider achaete–scute homologues in SO deve-
lopment by using the RNA interference technique. We injected
embryos before formation of the germ band and let them
develop until 350 h, when all mapped sensory precursors are
present in untreated embryos. The embryos were stained with
the Prospero antibody and phalloidin-FITC to visualise the
SPGs. Injection of either CsASH1 or CsASH2 ds RNA resulted
in similar phenotypes, although CsASH1 ds RNA-injected
embryos were more strongly affected (Table 3). Overall 46% of
the SPGs are missing in embryos injected with ds RNA of either
gene (Table 3; Figs. 7A, B). We observed loss of SPGs equally
in all leg segments. Both small and large precursor groups were
affected. However, while about half of the small precursor
groups were missing, only 25% of the large groups were absent.
We did not detect embryos that were completely devoid of SPGs
indicating that CsASH1 and CsASH2 are partially redundant.
Furthermore, we did not detect SPGs that were specifically
absent in either CsASH1 or CsASH2 ds RNA-injected embryos,
suggesting that both genes are involved in the development of
all SPGs.
Fig. 7. (A–N) Analysis of CsASH1 and CsASH2 function. Confocal micrographs of legs stained with phalloidin-FITC (green), anti-Prospero (red), after injection of ds
RNA of CsASH1 (C, G, K, L), CsASH2 (A, I) and H2O (B, D, E, J, M, N); dorsal is towards the top, proximal towards the right. (A) Reduction of SPGs after injection
of CsASH2 ds RNA on the posterior side of the leg (small arrowheads). Arrowhead: apically misplaced Prospero expressing cells. (B) SPGs on dorsal side of the leg of
a control. Arrow: SPGs on tarsus that are absent in panel A. Small arrowhead: Prospero-positive cell of a small SPG. (C) Sagittal optical section of the posterior coxa at
4 μm depth. Arrow: apically misplaced neural cells after injection of CsASH1 ds RNA. (D, E) Apical (D) and basal (E) sagittal optical sections of the posterior coxa of
controls at 4 and 16 μm depth, respectively, show that neural cells are located basally (arrow). (F) Single apically misplaced neural cells (arrow) of a large SPG of the
ventral femur after CsASH1 injection, apical optical section. (G) Normal basal position of the same large SPG in a control (arrow). (H) Single misplaced neural cell of a
small SPG in the tibia after injection of CsASH2 ds RNA (arrowhead). (I) Tight neural cluster in a control. (J) Apical optical section of the anterior side of the coxa
showing the arrangement of the SPGs a3 and a4 after injection of CsASH1 ds RNA. (K) Basal optical section of the same area shown in panel K. Neural cells of a4 are
misplaced dorsally and distally after injection of CsASH1 ds RNA. Asterisk: position of the constricted cell processes of the accessory cells shown in panel K. (L)
Apical optical section of the anterior side of the coxa showing the arrangement of the SPGs a3 and a4 in a control. (M) Basal optical section of the same area shown in
panel L. The neural cells are located proximally and ventrally to the constricted cell processes of the accessory cells (asterisk). p1–p5, cxp1–cxp5; tp2, 3, 6, tap2, 3, 6.
Scale bars: (M) 50 μm in panels A and B, 20 μm in panels C–E, K–M, 10 μm in panels G–J.
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misplaced in overall 9% (14% in CsASH1 and 7% in CsASH2
ds RNA-injected embryos) of the SPGs analysed (Table 3;
Figs. 7A, C, F, H, K). While Prospero starts to be expressed in
the neural cells of the small groups within the epithelium prior
to delamination (Figs. 4B, C and 7B), the protein is exclusiv-
ely expressed in basal cells of the large groups (Figs. 5D, E
and 7E). In affected large precursor groups, Prospero-expres-sing cells are apically misplaced. In the cases, where the
number of neural cells is not affected, the Prospero-positive
cells tightly group together (Fig. 7C). In SPGs that show a
reduction of neural cells, single Prospero-expressing cells are
present in the epithelium (Fig. 7F). The positioning of
Prospero-positive cells is also affected in small precursor
groups (Figs. 7H, K). In the controls, the Prospero-positive
cells form a tight cluster after delamination, which is
Fig. 8. (A–C) Comparison of SO development in insects and arachnids. Schematic drawing, proximal is to the right. (A) Development of mechanosensory organs
(MO) in insects. The schematic drawing represents the proposed common ancestral lineage of MOs in insects described in Lai and Orgogozo (2004). Dashed line:
plane of division. The SOP progenitor cell pI divides in the plane of the epithelium (1) and gives rise to two daughter cells, pIIa and pIIb (2). The pIIa cell divides once
to produce the socket and the shaft cell. pIIb divides perpendicular to the surface to give rise to the precursor cell pIIIb that remains in the epithelium and a glial cell that
occupies a basal position (3,4). The glial cell delaminates form the epithelium, migrates away along the extending sensory axon and finally undergoes apoptosis. Like
pIIb, the precursor cell pIIIb divides perpendicular to the surface (5), so that the sheath cell remains in the epithelium and the neuron is located basally (6,7). (B)
Development of single- and triple-innervated mechanosensory organs in arachnids. The development of single-innervated MOs is the same as for the triple-innervated
MOs during the first 3 steps (1–3). 4′, 5′ and 9′ represent the subsequent steps of the development of single-innervated MOs. Depending on the size of the recruited
SPG (6 to 9 cells) and the type of the group (single- and triple-innervated MO, respectively), the single mitotic cell associated with the group has to divide 5 to 10 times
to give rise to the final number of 14 and 16 cells, respectively. (C) Development of the large SPGs, which presumably give rise to internal joint receptors. Grey, leg
epithelium; brown, SO precursors; red, neural cells/neurons; spotted blue, hair/socket/sheath cells. Dividing cells have a round shape. g, glial cell (green); h, hair cell
(light blue); n, neural cell (red); ne, neuron (red); pI, SOP (brown); pIIa, precursor of accessory cells (dark blue); pIIb (yellow) and pIIIb (orange), precursors of neural
cells; sh, shaft cell (light pink); so, socket cell (blue).
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(Figs. 7I, M, see also Figs. 4F, I). In CsASH1 and CsASH2 ds
RNA-injected embryos, single misplaced Prospero-expressing
cells are visible (Fig. 7H). In addition, the position of theProspero-positive cell clusters relative to the accessory cells of
the precursor groups seems to be random (Figs. 7J, K), while
the clusters are always located proximally to the accessory
cells in the controls (Figs. 7L, M).
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In this study, we have identified three types of SPGs on
the leg of the spider during embryogenesis: two types of
small precursor groups that give rise to single- and triple-
innervated tactile hairs of stage 2 larvae, respectively, and
large precursor groups that do not contribute to SOs in stage
2 larvae.
The small sensory precursor groups
There are several obvious differences in mechanosensory
organ formation in the spider as compared to Drosophila (Figs.
8A, B). First, the spider achaete–scute homologues are up-
regulated in groups of cells in the leg epithelium. At no point of
time did we find single cell expression, which confirms –
together with the functional data (see below) – that groups of
cells are specified for the SO fate, rather than single SOPs as in
insects (Figs. 8A, B). Second, all cells that form a mechan-
osensory organ in Drosophila arise from stereotyped divisions
of a single SOP and thus are clonally related (Hartenstein,
2005). In contrast, in the spider groups of epithelial cells are
specified, which are most likely not related by lineage.
However, we cannot exclude that single epithelial cells divide
to give rise to groups of cells, which subsequently express the
achaete–scute homologues. One mitotic cell is associated
with each precursor group of the spider after the precursors
have adopted the sensory fate (Fig. 8B). The applied techniques
do not allow for resolving if individual cells of the group give
rise to all remaining cells that contribute to the sense organ or if
different cells of the group divide at different time points, so that
at a given time only one cell expresses the anti-phospho-histone
3 antigen.
Although the asymmetric versus symmetric distribution of
the neural cell fate determinant Prospero is debated, it is clear
that Prospero is expressed in the precursor cells pIIb and pIIIb,
and the glial cell, the neuron and the sheath cell in Drosophila
(Fig. 8A; Gho et al., 1999; Reddy and Rodrigues, 1999). While
Prospero expression in the neuron is transient, it is maintained
in the sheath cell. Our data show that Prospero is expressed in
the neural cells of the developing mechanosensory organs in the
spider, similar to Drosophila. Interestingly, one of the Prospero-
positive cells of category 1 groups divides after delamination to
give rise to the fourth cell of the cluster indicating that Prospero
is expressed in a neural precursor cell, like in Drosophila (Figs.
8A, B). The concentric arrangement of the accessory cells in the
hypodermis suggests that inner sheath cells, comparable to
insect sheath cells, are present in the spider (see Fig. 4L). In
contrast to Drosophila, Prospero is not expressed in these cells
but shows a strong expression in neurons, which is maintained
during formation of axons and dendrites. During this time the
additional Prospero-positive cell of both types of precursor
groups can no longer be detected. We speculate that this cell
corresponds to the glial cell of the Drosophila mechanosensory
organs, which migrates away and undergoes apoptosis (Fig. 8B;
Gho et al., 1999). This assumption is supported by the adult
structure of the mechanosensory organs of the spider legs. Thesomata of the sensory cells are shifted 100 to 200 μm proximal
to the hair base (Seyfarth et al., 1985). The axons extend
proximally from the somata and are enveloped by a glial cell
(Fig. 8B; Eckweiler et al., 1989; Foelix, 1985). Thus in the
spider, the glial cell might not undergo apoptosis.
In contrast to insects and crustaceans, more than half (58%)
of the mechanosensory organs described in this study are triple-
innervated. The percentage is even higher in the adult spider,
where most of the tactile hairs are innervated by 3 ms neurons
(Foelix, 1985). Furthermore, the number of accessory cells is
four times higher than in Drosophila (Fig. 8B). However, it has
been shown that in insects and crustaceans the number of
accessory cells and sensory neurons varies (Altner and Thies,
1978; Berg and Schmidt, 1997; McIver, 1975; Mellon, 1963;
Shelton and Laverack, 1968). In addition, the number of cells
that contribute to the mature sensilla can be reduced by apop-
tosis during ontogeny (Hartenstein, 2005). Programmed cell
death can occur in accessory cells as well as in sensory neurons
(Lee and Altner, 1985). Thus the cellular composition of the
adult SO might not reflect the initial number of sensory pre-
cursor cells generated.
Our data are in agreement with Harris’ study on the cellular
composition of mechanosensory hairs in the spider Ciniflo
similis (Harris, 1977). He described four enveloping cells, three
of which might functionally correspond to the hair, socket and
sheath cell of insects. The fourth cell envelops the other three
accessory cells at the base of the hair. However, the author
states that, ‘Other cells, possibly responsible for secreting part
of the socket channel endocuticle, can be seen in some sections
but none of these are considered to be involved in the
formation of the sensillum.’ Unfortunately, the publication
does not say how many of these cells are present. However, we
assume that these cells are derived from the sensory organ
precursor groups indicating that the number of hair and socket
cells is higher in the spider as compared to insects and
crustaceans. Furthermore, a publication on regeneration of
chemotactile sensillae in a windscorpion (Solifugae) during
moulting supports our finding on additional accessory (and
neural) cells (Haupt, 1982). The EM study demonstrates that
adult chemotactile sensillae consist of 21 neurons (19
chemosensory, 2 mechanosensory), 16 hair cells, 16 socket
cells and several sheath cells (number not specified). By
contrast in insects, contact chemosensitive organs contain 4
neurons (3 chemosensory/1 mechanosensory), and 3 accessory
cells (hair, socket and sheath cell).
The large sensory precursor groups
In the case of the large SPGs, 15 to 30 cells are recruited for
the SO fate (Fig. 8). These groups increase in size until the end
of embryogenesis by proliferation of 3 to 5 cells that are
associated with the group. Although we cannot exclude a
continuous recruitment of neighbouring epithelial cells to the
groups, we assume that this is unlikely due to the following
reason. If neighbouring cells were recruited for the sensory fate,
we would expect a continuous strong expression of the spider
achaete–scute homologues in or around the groups from mid-
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data show that expression is up-regulated during formation of
the groups, but rapidly decreases to low levels.
Chordotonal organs contain a unique structure, the scolo-
pale, which is a circular array of thick cytoskeletal bundles that
form in the cytoplasm of the scolopale cells (Hartenstein, 2005).
Sensilla with scolopales, which are numerous in insects and
crustaceans, have neither been detected in spiders nor in other
arachnids (Seyfarth, 1985). Nevertheless, the development of
the large precursor groups of the spider shows similarities to the
development of the femoral chordotonal organ of Drosophila.
The adult Drosophila femoral chordotonal sense organ arises
from a group of 70 to 80 cells which express the proneural gene
atonal (zur Lage and Jarman, 1999). An invagination site is
formed within the proneural cluster and later a distinctive 2-cell-
wide intrusion becomes visible, which the authors refer to as the
‘stalk’ (zur Lage and Jarman, 1999). Invaginating cells are
characterised by upregulation of Atonal expression. Cells at the
deepest end of the stalk undergo shape changes to form an
amorphous inner SOP mass. It is not known how development
proceeds from the above described stage up to the differentiated
proprioreceptor. Similar to the Drosophila femoral chordotonal
organ, the basal cells of the large SPGs form a 2-cell-wide stalk
that elongates towards the centre of the leg (Fig. 8C). Prospero
is expressed in the basal cells of the stalk, which delaminate and
form a mass of cells in the interior of the leg. Due to the basal
position of the Prospero-positive cells and the fact that these
cells delaminate, we speculate that they represent the neural
cells of the developing SO, while the cells that remain epithelial
might form the accessory cells.
Neither the slit sense organs nor the internal joint receptors
of arachnids show any of the structural features of insect and
crustacean chordotonal organs, although they perform similar
functions. Internal joint receptors are present at all joints of the
spider. The distribution and neuronal composition of these SOs
has been analysed for all joints in the bird spider Dugesiella
hentzi and in C. salei and seems to be conserved (Rathmayer
and Koopmann, 1970; Seyfarth et al., 1985). The largest
number of internal joint receptors is present at the coxa/
trochanter joint (5). Trochanter/femur, femur/patella and
patella/tibia joint each contain 3 internal joint receptors,
while the remaining joints have only 2 internal joint receptors.
The number of sensory neurons that innervate the internal joint
receptors varies from 25 to 3 along the proximo-distal axis of
the leg. The sensory neurons of all internal joint receptors at
individual joints are arranged in small sensory ganglia. Since
the distribution of internal joint receptors was only described
in adult legs, we cannot correlate the position of individual
large SPGs in the embryo/larval stage 1 with the adult sense
structure. However, several features of the large precursor
groups support a correlation with the internal joint receptors,
such as the formation of a tight cluster by the Prospero
expressing (neural) cells and the internalisation of the whole
group, which is in agreement with the subepidermal position of
internal joint receptors. Similar to the internal joint receptors,
the highest number of large SPGs is located in the coxa. We
assume that half of the 10 large coxal SPGs might forminternal joint receptors at the prosoma/coxa joint, which –
except for one – have not been described yet. We suggest that
large precursor groups are not present at the 3 most distal
joints, because internal joint receptors at the distal joints only
contain 3 to 5 sensory neurons and thus might be formed by
smaller precursor groups, which have not been classified in
this study.
The spider slit sensilla form compound sense organs in the
proximity of the leg joints, the so-called lyriform organs, which
consist of several slits and act as cuticular strain detectors (Barth
and Libera, 1970; Höger and Seyfarth, 2001). Each slit is
innervated by two bipolar ms neurons. In stage 2 larvae a single
lyriform organ is located at the posterior–ventral side of the
coxa. Interestingly, two small precursor groups (cxp4 and cxp5)
that do not give rise to tactile hairs of stage 2 are located in a
corresponding position. It is tempting to speculate that these
SPGs combine to form the lyriform organ, comparable to the
founder cells of the olfactory sensilla in Drosophila (Ray and
Rodrigues, 1994).
The function of the spider achaete–scute homologues
In the Drosophila PNS, achaete–scute specifies external SO
identity, while atonal mainly specifies chordotonal organ
identity and amos, an Atonal-type bHLH protein, is necessary
for the formation of multiple dendritic neurons (Huang et al.,
2000; Powell et al., 2004). We show here that both spider
achaete–scute homologues are responsible for the formation of
external and internal sense organs. In the absence of the
function of either gene, the number of SPGs is reduced to about
half. We did not detect embryos that were completely devoid of
SPGs indicating that CsASH1 and CsASH2 are partially redun-
dant. Furthermore, we did not detect SPGs that were specifically
absent in either CsASH1 or CsASH2 ds RNA-injected embryos
suggesting that both genes are involved in the development of
all SPGs. Although both small and large groups were affected,
only 25% of the large groups were absent, which presumably
give rise to internal joint receptors. These data suggest that an
additional proneural gene might be involved in the development
of internal sense organs. We tried to identify an atonal homo-
logue in the spider by using degenerate primers but did not
succeed. However, recently we identified an atonal homologue
in the millipede Glomeris marginata (Pioro and Stollewerk,
2006). Gm Atonal, like its Drosophila homologue, is expressed
exclusively in the PNS and the expression coincides with the
formation of SOs in the limb buds. However, in contrast to
Drosophila, Gm Atonal is expressed in the developing chemo-
sensory organs (cone sensillae) at the tip of the legs indicating
that the identity of the sensory structures specified is different.
Similarly, evolutionary changes in SO type specification are
seen in the chelicerate lineage. Both spider achaete–scute ho-
mologues are responsible for mechanosensory organ identity
and in addition are involved in the formation of internal sense
organs, while in Drosophila achaete and scute exclusively
specify external sense organ identity.
Interestingly, both spider achaete–scute homologues seem to
have an additional function in positioning the neural cells of the
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ds RNA, Prospero-expressing cells are apically misplaced in the
large precursor groups and the neural cells of the mechan-
osensory precursor groups of the leg are randomly distributed,
rather than proximally located as in the controls. We assume that
these phenotypes reflect two additional functions of the spider
achaete–scute homologues. First, in the large sensory organ
precursor groups, the spider achaete–scute homologues reg-
ulate the coordinated invagination of neural cells from the
groups. Interestingly, Hartenstein and co-workers describe an
involvement of the Drosophila achaete–scute genes in a com-
parable process in the stomatogastric nervous system (SNS) of
the fly (Hartenstein et al., 1996). Precursors of the SNS form
three large groups of cells that invaginate. The position of these
invagination sites is probably determined by the delamination of
three individual SNS precursor cells, which express proneural
genes. In mutants of the Achaete–Scute Complex the three SNS
precursors are absent and the SNS primordium forms a single
large and irregular invagination, instead of three small regularly
spaced invaginations as in the wild-type. These data indicate
that the proneural genes are responsible for the coordinated
invagination of the SNS placodes.
Furthermore, the phenotype observed in the mechanosensory
precursor groups suggests a failure in proximal migration of the
neural cells. An involvement of proneural genes in positioning
neural cells in arthropods has not been described until now.
However, recent studies in vertebrates show that proneural
genes not only specify the neural fate but also regulate genes
that are involved in cell migration (Weihong et al., 2006).
During mammalian cortical neurogenesis, neurons migrate out
of the progenitor zone and begin to differentiate. Recent data
show that both the neuronal and the cell migration programme
can be independently regulated by Neurogenin 1 and 2 (Castro
et al., 2006; Weihong et al., 2006).
Evolutionary considerations
Interestingly, the mode of neurogenesis shows several paral-
lels in the central and peripheral nervous system of the spider. In
both cases, the proliferation pattern and the absence of asym-
metric distribution of the neural cell fate determinant Prospero
indicate that neural stem cells are missing in the spider (Stolle-
werk et al., 2001;Weller and Tautz, 2003). In contrast, in insects,
the CNS is generated by asymmetric divisions of neural stem
cells – the neuroblasts – while the peripheral nervous system
arises from sensory progenitors that lack self-renewal capacity.
Thus, similar to the spider, insect sensory progenitors cannot be
regarded as stem cells indicating that the absence of stem cells
represents the ancestral state of peripheral neurogenesis.
Furthermore, it has been proposed that the peripheral
sensory lineages of Drosophila derive from a common ancestral
lineage (Lai and Orgogozo, 2004). A single SOP is selected
which divides in a stereotyped pattern to give rise to five cells:
three accessory cells (hair, socket and sheath cell) and two
neural cells (glia and neuron). Variations on this theme can be
obtained by changes in terminal cell fate, apoptosis, cell
proliferation and recruitment to the sensory cluster, respec-tively. However, two sensory lineages of Drosophila do not fit
the theme, the olfactory sensilla and the poly-scolopidial
chordotonal organs. In both cases, groups of sensory precursors
are recruited and thus the SOs are generated by a polyclone. Our
data suggest that the ancestral pattern of SO development is the
specification of groups of cells indicating that the olfactory
sensilla and chordotonal organs of insects reflect the ancestral
condition.
Further molecular and morphological studies on the cell fate
of the individual cells of the SPGs are now required to show in
what way sensory organ development has been modified during
arthropod evolution.
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